Combination of dietary/herbal spice curcumin (Cur) and COX inhibitors has been tested for improving therapeutic efficacy in pancreatic cancer (PC). The objective of this study was to identify agent with low toxicity and COX-independent mechanism to induce PC cell growth inhibition when used along with Cur. Anti-cancer NSAID, Tolfenamic acid (TA) and Cur combination was evaluated using PC cell lines. L3.6pl and MIA PaCa-2 cells were treated with Cur (5-25 μM) or TA (25-100 μM) or combination of Cur (7.5 μM) and TA (50 μM). Cell viability was measured at 24-72 h post-treatment using CellTiter-Glo kit. While both agents showed a steady/consistent effect, Cur+TA caused higher growth inhibition. Anti-proliferative effect was compared with COX inhibitors, Ibuprofen and Celebrex. Cardiotoxicity was assessed using cordiomyocytes (H9C2). The expression of Sp proteins, survivin, and apoptotic markers (Western blot), caspase 3/7 (caspase-Glo kit), Annexin-V staining (flow cytometry), reactive oxygen species (ROS) and cell cycle phase distribution (flow cytometry) were measured. Cells were treated with TNF-α and NF-kB translocation from cytoplasm to nucleus was evaluated (immunofluorescence). When compared to individual agents, combination of Cur+TA caused significant increase in apoptotic markers, ROS levels and augmented NF-kB translocation to nucleus. TA caused cell cycle arrest in G 0 /G 1 and the combination treatment showed mostly DNA synthesis phase arrest. These results suggest that combination of Cur+TA is less toxic and effectively enhance the therapeutic efficacy in PC cells via COX-independent mechanisms.
INTRODUCTION
Herbal products have been extensively studied for their medical benefits for a long time [1] [2] [3] . Curcumin (Cur) is a natural phenolic compound, and an active ingredient found in the dietary spice Turmeric (Curcuma longa L.). Cur [1, 7- bis-(4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene-3, 5-dione] has a wide spectrum of biological actions against inflammation, ischemia, cancer, and aging. Extensive research over the last 50 years has indicated that Cur can prevent and treat cancer [4, 5] . Anti-carcinogenic effects of Cur have been observed in several malignancies including pancreatic cancer (PC) [6] , [7] [8] [9] [10] . PC is an aggressive disease with poor prognosis and survival often depending on mutational status of certain signaling molecules [11] . Phase I clinical trials indicated that Cur can be safely administered at very high doses (6 g/day) [12] . However, low bioavailability was noticed when administered orally. Phase II trial also supported the biologic activity of Cur in PC patient showing a marked tumor regression [13] .
Certain strategies such as drug delivery systems, synthetic analogs have been tested to overcome the bioavailability issues [14] [15] [16] [17] [18] [19] . Combination of Cur with other agents was also investigated in some cancers [20] . Cur also showed radiosensitization response in cervical carcinoma cells [21] . These studies suggest that Cur could be effective when used in a combination therapy. Combination of Cur and gemcitabine (Gemzar) was tested in a clinical trial conducted at MD Anderson Cancer Center. Another clinical trial has been approved for testing the combination of Cur, Gemzar and a non-steroidal anti-inflammatory drug (NSAID), Celebrex for treating metastatic PC. While the effect of Cur in combination with the above candidates is relatively well studied, it is also important to see other potential contributing targets especially COX-independent mechanisms for improving the anti-cancer activity of Cur. In this study, we have tested a combination involving an inhibitor of Specificity protein (Sp) transcription factors along with Cur.
The Sp-family of transcription factors regulate variety of genes involved in critical processes ranging from cell cycle, proliferation, cell differentiation, apoptosis and associated with a number of human cancers [22] [23] [24] [25] [26] . Sp1 is a negative prognostic factor for survival in some cancer patients [27, 28] . It is postulated that Sp (Sp1, Sp3 and Sp4) transcription factors bind to GC-rich promoter sites regulate key sets of genes responsible for cancer cell proliferation and survival [26] . Previous laboratory studies from our group and others demonstrated the significance of targeting Sp proteins for the treatment of various cancers [29] [30] [31] [32] . After screening several small molecules (NSAIDs) representing different structural classes to target Sp proteins in pre-clinical models for PC, tolfenamic acid (TA) was introduced as an effective anti-cancer agent [32] . TA decreased PC cell growth and inhibited metastasis in orthotopic mouse model via inducing the degradation of Sp1, Sp3, and Sp4 [32] .
In current study, we investigated the effect of co-treatment of Cur and TA on PC cell growth. The individual and combined treatment using the optimized doses for each agent was tested using L3.6pl and MIA PaCa-2 cells. The anti-proliferative effect of other NSAIDs, Ibuprofen (Ibu) and Celebrex (Cel) were compared with the effect of TA. Cell viability results were corroborated with the effect on expression of Sp1, survivin and the markers associated with apoptosis (apoptotic cell population, cleavage of PARP and the activity of caspases 3/7). Since the cell growth inhibition was massive with the combination treatment, the cell cycle phase distribution and was also determined following the individual and combined treatment of Cur and TA. Furthermore, the activation of reactive oxygen species (ROS) was measured using flow cytometry and we assessed the effect on translocation of NF-kB from cytoplasm to nucleus via immunofluorescence.
MATERIAL AND METHODS

Cell Lines and Chemicals
Human pancreatic cancer cells (L3.6pl, MIA PaCa-2) and cardiomyocyte cells (H9C2) were used in this study. L3.6pl cells were obtained from the University of Texas MD Anderson Cancer Center, Houston, TX. MIA PaCa-2 and H9C2 cells were purchased from ATCC (Manassas, VA). Cells were grown in DMEM media supplemented with fetal bovine serum and 1% antibiotic (Pen/Strep) and maintained at 37°C with 5% CO 2 .
Combination index
To determine whether simultaneous treatment with TA and Cur results in synergistic effect, the combination index (CI) was calculated using the method of Chou-Talalay [33] . PC cells were incubated with various concentrations of TA and Cur (at constant ratio of 50:7.5) for 48h. Cell viability was measured using CellTiter-Glo reagent and CI values were calculated for the drug interactions using the CalcuSyn software (version 2.0. Biosoft, Cambridge, UK). CI value of less than 1.0 was considered to indicate synergism.
Apoptosis (Annexin-V staining) using Flow Cytometry
L3.6pl and MIA PaCa-2 cells were treated with vehicle (DMSO) or TA (50 μM) or Cur (7.5 μM) or both (TA+Cur). Apoptotic cells were measured using the annexin V apoptosis detection kit (Annexin V-PE/7-AAD). Briefly, cells were collected at 48 h post-treatment and incubated with annexin V-PE and 7-AAD in 1X binding buffer for 15 min. After the incubation, cells were processed to determine the percentage of pre-apoptotic, apoptotic and necrotic cells via flow cytometry (BD FACSCalibur flow cytometer). Data were collected and analyzed by FlowJo software (Tree Star, Inc., Ashland, OR).
Western Immunoblot
L3.6 pl and MIA PaCa-2 cells were treated with DMSO or 50 μM of TA or 7.5 μM of Cur or both (TA+Cur) and cells were harvested at 48 h post-treatment. Protein extracts were prepared and the expression of proteins of interest was determined via Western blot analysis as described previously [32] .
Caspase activation assay
The effect of TA or Cur or TA+Cur on effector caspases activity was evaluated using Caspase-Glo 3/7 kit. PC cells were seeded and treated as described above. After 48h, the assay reagent (1:1 ratio) was added to each well. Plates were mixed and incubated in dark for ~60 min. Luminescence was measured using the FLUOstar Optima (BMG Labtech) plate reader. All samples were measured in triplicate and the data were shown as mean ±SEM.
Estimation of Reactive Oxygen Species
The levels of ROS were measured with an oxidative stress indicator, CM-H2DCFDA using flow cytometry. Briefly, PC cells were treated with TA or Cur or TA+Cur or H 2 O 2 (positive control). After 24h cells were harvested and incubated with 5 μM of CM-H2DCFDA for 30 min at 37°C in dark. Fluorescence was quantified and the geometric mean fluorescence was used as average fluorescence value for each population.
NF-kB Translocation
PC cells were seeded on cover slips and grown in 6-well plates. Cells were treated with TNFα (15 ng/ml) to induce the translocation of NF-κB in to the nuclei. Simultaneously, cell lines were treated with TA (50 μM) or Cur (7.5 μM) or TA+ Cur. After 24h treatment, PC cells were fixed treating with cold methanol (10 min), washed with PBS and then blocked with goat serum for 1 hr. Then cells were incubated with (1:200) NF-κB antibody for 2 h, washed with 0.1% PBS-Tween and incubated with goat anti-rabbit antibody (1:400) conjugated with Alexa Fluor 488 for 2 h. Cells were mounted on glass slides using Vectashield Mounting Medium with DAPI. Images were acquired using Olympus AX70 upright fluorescence microscope.
Statistical analysis
Data were analyzed using one way ANOVA. Results were expressed as mean±SEM. Significance between treated and untreated cells were evaluated and p value <0.05 was considered as significant.
RESULTS
TA and Cur combination showed higher efficacy on cell growth inhibition
The effect of Cur+TA combination was investigated using two PC cell lines. L3.6pl and MIA PaCa-2 cells were treated with vehicle or TA (25/50/75/100 μM) or Cur (5/7.5/10/20 μM) and the cell viability was assayed for 24, 48, and 72 h. TA or Cur treatment inhibited both cell lines showing a dose-and time-dependent response ( Figure 1 ). TA-induced cell growth inhibition was 30-50% with 50 μM dose and 60-80% with 75 μM dose at 48h posttreatment. Similarly, Cur (7.5 μM) inhibition was 24% and 22% respectively in L3.6pl and MIA PaCa-2 cells at 48h. The detailed information on percent inhibition at 24-72h posttreatment is given in Supplementary data (Tabl1&2; Figure S1&S2 . The IC 50 values (in μM) of TA were 68.2 (48h) and 51.8 (72h) for MIA PaCa-2 and 42.3 (48h), 33.8 (72h) for L3.6 pl cells. The IC 50 values of Cur were lower than TA, MIA PaCa-2: 11.62 (48h), 10.03 (72h); L3.6pl: 9.4 (48h), 8.9 (72h). PC cell growth is significantly inhibited when tested with TA +Cur combination. This combination caused more than double in PC cell growth inhibition at 48 h post-treatment ( Figure 1 ).
In order to evaluate specificity of TA, the anti-proliferative effect of two other NSAIDs Ibuprofen and Celeberex were also tested. Interestingly, Ibuprofen did not show antiproliferative effect on PC cells up to 100 μM and the combination with Cur was also not beneficial ( Figure 2A&B ). The cell growth inhibition caused by Celebrex (individual and combination with Cur) was comparable to TA showing dose/time-dependent response. Since, NSAIDs are known to cause cardiotoxicity; both TA and Celebrex were tested for cytotoxicity using cardiomyocytes (H9C2 cells). TA caused no toxicity at 50 μM but inhibited about 20% cell growth at 100 μM; however Celebrex inhibited >25% and 90% growth respectively at 50 and 100 μM doses.
To determine the potential mechanism of TA-Cur interaction, combination index (CI) values were calculated using the Chou-Talalay median effects analysis for drug interactions [33] . The CI values were calculated using CalcuSyn software (Biosoft, Cambridge, UK). A CI value of less than 1.0 indicates synergism in the interaction. As seen in Figure 3A , the CI values were < 1.0 for L3.6 pl and > 1.0 for MIA PaCa-2, indicating that the combination of TA and Cur exhibited synergistic inhibitory effects on viability of L3.6 pl but not MIA PaCa-2 cells.
Combination of Cur+TA inhibits Sp1, Sp3 and survivin expression
PC cells were treated with TA (50 μM), Cur (7.5 μM) and both for 48h. Protein extracts were prepared, the expression of Sp1, Sp3, survivin, and β-actin (loading control) was determined via Western blot analysis. TA decreased the expression of Sp1 and Sp3 which was accompanied, by a similar decrease of survivin expression in both cell lines ( Figure 3B) ; however Cur did not show any effect. Notably, Cur+TA treatment resulted in an increase in the inhibition of Sp proteins. The changes observed in Sp proteins (expression) are consistent with PC cell growth inhibition.
Cur and TA Combination induces apoptosis
The role of effector caspases is well established in apoptotic pathways. Cur and TA caused a dose-dependent response and induced caspase-3/7 activity. While TA or Cur caused about 2fold increase, the combination made 4-fold increase in both cell lines ( Figure 3C ). In order to characterize molecular markers associated with TA-induced apoptosis, the expression of cleaved PARP was evaluated at 48h post-treatment. The expression of pro-apoptotic marker, c-PARP was determined by Western blot analysis. While, TA up-regulated the cleavage of PARP; the effect of Cur+TA was more prominent ( Figure 3B ).
The effect of Cur+ TA on PC cell apoptosis was further determined using flow cytometry. As evinced by Annexin-V staining (Figure 4 ), TA (50 μM) or Cur (7.5 μM) or combination treatment caused a significant increase in apoptosis. The percentage of apoptotic cells in L3.6pl were increased with each treatment but this increase was more effective with Cur+TA co-treatment (Con: 5.25%; TA: 22.7%; Cur: 7.21%; TA+Cur: 65%) and MIA PaCa-2 (Con: 7.98%; TA: 13.7%; Cur: 9.58; TA+Cur: 26.2%).
Cur and TA increases ROS levels
The effect of individual and combination effect of Cur and TA on ROS was determined in PC cells. At 24h post-treatment, the effect of TA, Cur and TA+Cur for inducing ROS was measured. In L3.6 pl cells, Cur and Cur+TA resulted in 2 and 3-fold increase respectively in ROS levels; however the effect on MIA PaCa-2 cells was marginal ( Figure 5 ). These results demonstrate that Cur alone or in combination with TA induces ROS in L3.6pl cells.
Cur and TA suppresses NF-kB translocation
The effect of TA and /or Cur treatments on NF-kB translocation into nucleus was tested. Cells were treated with TNFα to induce translocation of NF-kB. The translocation of NF-kB from cytoplasm to nuclei was evaluated via immunofluorescence. As seen in Figure 6A (MIA PaCa-2) and 6B (L3.6pl), the intensity of NF-kB staining was clearly lowered in nucleus when compared to cytoplasm in all treated groups in both cell lines. The inhibition of NF-kB translocation in TA+Cur treated cells was higher when compared to the cells treated with single (TA or Cur) agent.
Combination of Cur+TA modulates cell cycle phase distribution
The combination of TA and Cur caused increased cell growth inhibition (Figure 1 ). Since an induction of apoptosis alone may not explain such response, the effect on cell cycle arrest was also evaluated using flow cytometry (Figures 7) . In L3.6 cells, TA caused early phase (G 1 ) arrest (Con: 38.6%; TA: 52.8%), Cur accrued more cells in G 2 phase (Con: 16.9%; Cur: 21.8%), while the combination of TA and Cur showed some increase of cells in both G 1 and G 2 phases but also consistently low percentage in 'S' phase ( Figure 7A ). In MIA PaC-2 cells TA caused a G1 arrest (Con: 59.7%; TA: 74.4%) while Cur treatment resulted in slight accumulation of cells in G2 (Con: 29.0%; Cur: 34.8%). The combination treatment revealed marginal response on G 1 and 'S' phases of cell cycle ( Figure 7B ). These results indicate that cell cycle arrest could be partially responsible for the cell growth inhibition.
DISCUSSION
PC is the fourth most common causes of cancer-related deaths and the National Cancer Institute (NCI) estimates that 43,140 new cases and 36,800 deaths will occur due to pancreatic cancer (PC) in one year in the United States alone [34] . The prognosis of this malignancy is very poor, and the 5 year survival rate is less than 5%. While the major contributing molecular changes in PC include mutation and inactivation of several oncogenes including tumor suppressor genes, the aggressive nature of this malignancy is corelated with perturbations in growth factors and their receptors that affect the downstream signal transduction pathways involved in the control of growth and differentiation [35, 36] . There is an increasing interest in identifying novel agents that acts against specific targets that are involved in driving the growth and survival of cancer cells. Transcription factors (Sp proteins, NF-kB) could be such potential targets for the intervention in PC therapy.
In this study we investigated a strategy using a combination of small molecule and Sp inhibitor (TA) and a natural product with therapeutic properties (Cur) for inducing treatment efficacy in PC cells (Figure 1) . In order to verify if such efficacy is specific to this particular combination, we have tested other combinations using two NSAIDs, Ibuprofen and Celebrex (Figure 2 ). Ibuprofen is a common NSAID largely used for the treatment of mild pain and fever and is known to have a relatively good side effects profile. Ibuprofen did not show antiproliferative effect in PC cells. Celebrex has been tested in clinical trials for treating some cancers (https://clinicaltrials.gov). In this investigation, results indicated that Celebrex caused PC cell growth inhibition similar to TA either in dose curves or in combination treatment ( Figure 2 ) but showed significantly high cytotoxicity when compared to TA in H9C2 cardiomyocyte cells (approximately 4-fold more at 100 μM dose) suggesting that TA may cause lower cardiac side effects than Celebrex. These results further justify the reason for testing TA in this combination treatment.
Combination treatments involving phytochemicals have shown beneficial response for inhibiting cancer cell growth [37] . Several mechanisms have been described for the apoptosis in gastrointestinal tissues [38] . Apoptosis may occur through extrinsic and intrinsic pathways but both of these pathways converge on effector caspases 3/7 [39] . In this investigation, the results showed an increase in the expression of c-PARP ( Figure 3B ), apoptotic cell population (Figure 4 ) and the activation of effector caspases 3/7 ( Figure 3C ). Furthermore, the combination of Cur+TA also upregulated ROS in L3.6 pl cells ( Figure 5 ). It is evident from Annexin-V staining that L3.6 pl cells are undergoing apoptosis at a much higher rate than MIA PaCa-2 cells. High levels of ROS could lead to cell death by activating apoptotic pathways. These results are in agreement with the combination index analysis, which demonstrates that the effect of TA+Cur combination on cell viability was synergistic only in L3.6 pl cells ( Figure 3A) .
The anti-proliferative effect of TA and Cur+TA combination was accompanied by a significant decrease in the expression of Sp1, Sp3, and survivin proteins ( Figure 3B) . Sp proteins regulate genes that are critical in the cellular processes (e.g., apoptosis and cell cycle arrest) associated with cancer [40, 41] . TA targets Sp1 and Sp3 transcription factors, which mediate the expression of survivin [42] . Survivin is an inhibitor of apoptosis protein and mediates apoptosis, cell division, and induces mitogenesis [39, 43, 44] . The inhibition of survivin could have partially contributed to the activation of caspases3/7 ( Figure 3C ).
Inducing ROS to high levels has been proposed as a therapeutic strategy in cancer treatment, however ROS also play role in cancer initiation. Earlier studies revealed that Cur and TA have the ability to increase ROS in cancer cells [45, 46] . Our results demonstrate that the combination of TA and Cur resulted in increased ROS levels compared to single drug treatment ( Figure 5 ). The induction of ROS is much higher in L3.6pl, while MiaPaCa-2 cells showed a marginal increase. In fact, the percentage of apoptotic cells was much higher in L3.6pl cells when compared to MIA PaCa-2 cells following the combination treatment ( Figure 4 ). ROS can cause DNA damage and subsequent cell death; therefore it could be responsible for higher cell death in L3.6pl cells. It is known that ROS can impact tumor initiation but at high levels it inhibits cancer cells and tumor growth. Both Cur and TA have been shown to increase ROS levels in L3.6pl cells. Both Cur [45] and TA [46] are known to generate ROS and cause subsequent DNA damage via modulating transcription factors [46] and/or microRNAs (miR-27a and miR-20a) [45] . Since both agents can induce ROS, the combination can further potentiate such response in susceptible cells. The current results demonstrate that an increase in ROS due to combination of Cur and TA plays an important role for inducing anti-proliferative effect in L3.6pl cells.
Transcription factor NF-κB regulates genes associated with inflammation, angiogenesis, apoptosis, cell growth, and invasion [47] . In this study results showed that the combination of TA+Cur inhibits the translocation of NF-kB into the nucleus ( Figure 6 ). It is known that Cur and TA modulate NF-κB signaling in some cancer models [48, 49] . These results suggest that TA might be contributing to induce the effect of Cur for inhibiting NF-kB translocation and the co-treatment with both the agents is effective at least partially due to modulation of NF-kB associated signaling. Our results also showed that TA caused cell cycle arrest in both L3.6 pl and MIA PaCa-2 cells. Flow cytometry analysis (Figure 7 ) revealed that TA treatment results in accumulation of cells in G 0 /G 1 phase in both cell lines. The combination treatment of TA+Cur in MIA PaCa-2 cells accumulated cells in G 0 /G 1 and also affected the DNA synthesis phase (S). In L3.6 pl cells, each agent showed high response showing the effect at multiple phases (low DNA synthesis and cell arrest in G 2 /M). Since the combination is affecting multiple phases in cell cycle it may also contributing towards PC cell growth inhibition.
In summary, this study shows that food spice Cur and small molecule TA combination inhibits PC cell growth by inducing apoptosis and causing cell cycle arrest. The anti- proliferative effect of TA and TA+Cur combination is accompanied by a significant decrease in the expression of Sp1, Sp3 and survivin, induction of ROS and inhibition of NF-kB translocation. Among the two cell lines, L3.6 pl cells showed higher sensitivity with single agent or with combination treatment. The combination of TA+Cur caused higher growth inhibition in L3.6 pl cells than MIA PaCa-2 cells. This response is accompanied with modulation of multiple processes including apoptosis and cell cycle. The induction of apoptotic markers (c-PARP, caspase 3/7) and ROS as well as cell cycle arrest were more obvious in L3.6pl cells when compared to MIA PaCa-2. Association of ROS and NF-kB in modulating signaling cascades and inducing undesired effects of chemotherapy in pancreatic cancer was previously reported [50, 51] , The combination of Cur+TA affects both ROS and NF-kB for inducing higher therapeutic efficacy in PC cells. Overall, these results suggest that suppression of Sp proteins and NF-kB signaling is primarily involved in the beneficial effect of this combination. Even though, research on Cur and TA reported anti-cancer activity in multiple cancers, it is the first study to test the combination of these two agents for potentiating anti-proliferative effect in PC cells. This therapeutic strategy provides promising activity and better tolerance than standard cytotoxic therapies currently being used in pancreatic cancer. Cur [48] and TA [52] have been tested (individually) for their chemopreventive properties and both of these agents showed a positive response in animal models. Cur exhibited cancer prevention in a clinical study. A phase IIa clinical trial showed that Cur was effective in reducing the formation of number of aberrant crypt foci revealing the evidence for the prevention of colorectal neoplasia [53] . Therefore, apart from therapeutic applications, this combination may be tested in future to focus on its chemopreventive properties.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. 
